ABSTRACT 3-(3,4-Dichlorophenyl)-1,1-dimethylurea (DCMU) inhibition of "4C02 fixation in isolated intact spinach (Spinacia oleracea L.) chioroplasts was reversed (by about 34%) by L-malate but not by oxaloacetate (OAA). However, OAA reversed the DCMU inhibition in spinach protoplasts indicating an extrachloroplastic enzyme requirement. Extrachloroplastic OAA reduction was coupled with external dihydroxyacetone phosphate (DHAP) oxidation, and the malate formed from such coupling might then enter the chloroplasts. Evidence was presented using ruptured protoplasts that the export of recently formed 3-phosphoglycenc acid (PGA) out of chloroplasts in exchange for external DHAP was reversed by excess OAA. The PGA/DHAP shuttle across the chloroplast envelope was found to be regulated by the external concentrations of DHAP and OAA.
Intact chloroplasts have been shown to be impermeable to external pyridine nucleotides and adenylates (2, 6, 16) . However, very efficient translocator systems, thought to be situated on the inner membranes, are proposed to function in facilitating an indirect transfer of reducing equivalents across the chloroplast envelope through malate/OAA2 shuttle (dicarboxylate translocator) and PGA/DHAP shuttle (phosphate translocator) (6, 7) . Evidence for the operation of such translocating systems in isolated chloroplasts has been demonstrated by creating an artificial environment around the chloroplasts by including cofactors and extrachloroplastic enzymes in the reaction medium (2, 3, 5) .
In the present study using isolated intact protoplasts, ruptured protoplasts, and intact chloroplasts, it is confirmed that malate can enter the chloroplasts and upon oxidation, give reduced cofactors which can function to drive the reductive pentosephosphate cycle. Restoration of about one-third of CO2 fixation by dicarboxylic acids was also considered as an indication that cyclic photophosphorylation in the presence of DCMU can supply at least one-third of the amount of ATP normally produced. (14) . The released chloroplasts were sedimented by centrifuging the ruptured protoplast homogenate at 600g for 90 sec and suspended in the above medium. Light-dependent "4CO2 fixation by the protoplasts and chloroplasts was assayed in a final volume of 0.2 ml at 37 C as previously described (14) . (6, 11) , chloroplasts isolated from the protoplasts showed a high degree of structural and functional integrity (90-95%) (for details see ref. 14) .
MATERIALS AND METHODS
Photosynthetic "4CO2 fixation by isolated spinach chloroplasts and protoplasts was inhibited completely by DCMU at a concentration of 1 ,UM (Table I ). The DCMU inhibition of 14CO2 fixation was due to a lack of photochemical generation of NADPH required for 1,3-diPGA reduction. Added NAD(P)H could not induce '4CO2 fixation by the poisoned chloroplasts, confirming that the envelope membranes are impermeable to the pyridine nucleotides. Exogenous addition of 10 mm L-malate to actively photosynthesizing chloroplasts had no effect. However, malate relieved the DCMU inhibition of "4CO2 fixation by both chloroplasts and protoplasts in light by about 30 to 34% (Table  I) . Maximum reversal was obtained with 8 mm malate with no further increase with concentrations up to 20 mm (data not reported). The malate reversal indicates that malate is readily taken up by the chloroplasts; and the NADH generated during internal malate oxidation through the chloroplastic NAD-malate dehydrogenase to OAA was effectively utilized in 1,3-diPGA reduction through NAD-triose-P dehydrogenase under conditions of lack of NADPH production. Evidence was presented earlier that 50% of leaf NAD-triose-P dehydrogenase and about 25% of total NAD-malate dehydrogenase are associated with the chloroplast fraction in spinach leaves ( Models have been constructed involving interdependence between both malate/OAA shuttle and PGA/DHAP shuttle creating an exchange of reducing equivalents across the chloroplast envelope (2) . In such a case, the addition of DHAP to isolated chloroplasts could result in the efflux of endogenous PGA. Such export of PGA may not, however, lead to a complete breakdown of the Calvin cycle since the loss of PGA is assumed to be compensated by the import of added DHAP (8) . This model assumes no requirement for reducing power within the chloroplasts for CO2 fixation. Thus, this proposal could very well question the validity of the proposed reversal of DCMU inhibition of "4CO2 fixation in protoplasts by OAA in the presence of DHAP (Table II) . Table III shows that under normal conditions 80 to 90% of the total "4C-labeled products remains within the chloroplasts (in the pellet). However, in the presence of exogenously added DHAP almost 80 to 90% of the 14C-labeled products was recovered in the supernatant fraction indicating an almost complete transport of "4C-labeled products out of the chloroplasts. This supernatant fraction, when subjected to thin layer chromatographic analysis (1- (Tables II and III) was simply to maintain a cyclic turnover of pyridine nucleotides outside the chloroplasts rather than expelling the PGA formed from the chloroplasts. These results further demonstrate the oxidation of DHAP in the cytosol rather than within the chloroplasts. Figure 1 shows that the concentrations of added DHAP and OAA are critical in allowing the external oxidation of DHAP without triggering the PGA/DHAP shuttle across the chloroplasts. DHAP (0.25 mM), in the absence of OAA, caused a dramatic export of large quantities of label (PGA) out of the chloroplasts which would otherwise remain inside the chloroplasts (Table III) . With the addition of increasing concentration of OAA (up to 10 mM), the per cent of label appearing in the supernatant gradually decreased to 13% confirming the nonavailability of added DHAP to chloroplasts for exchange with internal PGA. This OAA effect was nullified with the addition of increasing concentration of DHAP which gradually found its way into the chloroplasts in exchange for internal PGA as evidenced by the export label into the medium.
The physiological importance of malate serving as a source of reducing power is not yet evident. Under limiting conditions of photochemical generation of NADPH, malate might act as an additional reservoir for donating reducing power. Evidence for such donation during malate oxidation to OAA was recently presented in studies using isolated bundle sheath chloroplasts of aspartate-type C4 plants (13) . Malate could also impose an increased NAD(P)H to NAD(P) ratio within the chloroplasts (5) for activating ribulose-1,5-diP carboxylase (10) .
